Alzheimer's disease is a personally devastating neurodegenerative disorder and a major public health concern. There is an urgent need for medical imaging techniques that better characterize the early stages and monitor the progression of the disease. Magnetic resonance elastography (MRE) is a relatively new and highly sensitive MRI technique that can non-invasively assess tissue microstructural integrity via measurement of brain viscoelastic mechanical properties. For the first time, we use high-resolution MRE methods to conduct a voxelwise MRE investigation and state-of-the-art post hoc region of interest analysis of the viscoelastic properties of the cerebral cortex in patients with Alzheimer's disease (N ¼ 11) compared with cognitively healthy older adults (N ¼ 12). We replicated previous findings that have reported significant volume and stiffness reductions at the whole-brain level. Significant reductions in volume were also observed in Alzheimer's disease when white matter, cortical grey matter and subcortical grey matter compartments were considered separately; lower stiffness was also observed in white matter and cortical grey matter, but not in subcortical grey matter. Voxel-based morphometry of both cortical and subcortical grey matter revealed localized reductions in volume due to Alzheimer's disease in the hippocampus, fusiform, middle, superior temporal gyri and precuneus. Similarly, voxel-based MRE identified lower stiffness in the middle and superior temporal gyri and precuneus, although the spatial distribution of these effects was not identical to the pattern of volume reduction. Notably, MRE additionally identified stiffness deficits in the operculum and precentral gyrus located within the frontal lobe; regions that did not undergo volume loss identified through voxel-based morphometry. Voxel-based-morphometry and voxel-based MRE results were confirmed by a complementary post hoc region-of-interest approach in native space where the viscoelastic changes remained significant even after statistically controlling for regional volumes. The pattern of reduction in cortical stiffness observed in Alzheimer's disease patients raises the possibility that MRE may provide unique insights regarding the neural mechanisms which underlie the development and progression of the disease. The measured mechanical property changes that we have observed warrant further exploration to investigate the diagnostic usefulness of MRE in cases of Alzheimer's disease and other dementias.
Introduction
Alzheimer's disease (AD) is the most common progressive neurodegenerative brain disorder that causes dementia. Individuals diagnosed with AD experience increasing cognitive decline, most commonly involving memory, which ultimately severely affects individuals in activities of daily living. Due to an ageing population and increasing prevalence with advancing age, AD is expected to impact millions more people worldwide and as such also represents an urgent public health concern (Alzheimer's Association, 2018). While evidence suggests that AD neuropathology begins decades before the emergence of clinical symptoms (Gonneaud et al., 2017) , AD can still only be detected clinically in its end phase, thus improved methods for disease detection and monitoring progression may ultimately lead to progress in preventative medicine (Ritchie et al., 2015) .
AD is characterized by distinct and recognizable neuropathological processes that include primary cardinal lesions of extracellular amyloid-beta plaques and neurons containing neurofibrillary tangles (Canter et al., 2016) , each of which possesses a characteristic distribution. Plaques are found throughout the cortical mantle, whereas tangles are primarily located in limbic and association cortices (Braak and Braak, 1991) . Vascular damage from extensive plaque deposition, and eventual neuronal and synaptic loss within the cerebral cortex are other major hallmarks of AD that may be observed in vivo through the use of several biomarkers (Rodriguez-Arellano et al., 2016) . According to the dynamic amyloid cascade model (Hardy and Higgins, 1992) , AD biomarkers evolve in a sequential but temporally overlapping manner , with it being suggested that amyloid is a causative agent that acts upstream to eventual downstream neurodegeneration. This linear progression, however, remains mostly theoretical with empirical data currently being collected. Nevertheless, characterization of the structural degeneration in AD has been important for understanding AD pathology and the association with clinical outcomes.
Among the core imaging biomarkers for AD, along with amyloid PET, is measurement of cerebral atrophy measured with MRI . The characteristic Graphical Abstract traits estimated from structural MRI include reduced grey matter (GM) volumes, especially in the medial temporal lobe (Frisoni et al., 2010) . Indeed, reduced hippocampal volume, a medial temporal lobe structure implicated in memory formation, has been deemed an appropriate selection marker for clinical trials of people in the early stages of AD (European Medicines Agency, 2011) . MRI volumetry, however, is only sensitive to AD relatively late in the course of the disease , when the neurodegeneration it represents is perhaps irreversible due to such wide-spread neuronal loss. Imaging measures that more sensitively assess brain microstructural integrity can support disease detection, disease monitoring and the development of new targets for pharmaceutical intervention.
Biophysical metrics that may provide additional information regarding AD pathology are the mechanical properties of brain tissue, which act as proxies for changes in underlying microstructural tissue integrity (Sack et al., 2013) . Magnetic resonance elastography (MRE) is an emerging non-invasive imaging technique that can measure such viscoelastic tissue properties in vivo (Muthupillai et al., 1995) and has been used by several groups to investigate a wide range of neurological disorders [for reviews see Hiscox et al. (2016) and Murphy et al. (2019) ]. MRE is an imaging technique with high sensitivity to changes in the microstructural properties of tissues which can cause tissue stiffness to vary over a very wide dynamic range in health and disease (Mariappan et al., 2010) . MRE combines mechanical wave propagation and MRI phase-contrast imaging to record harmonic displacements through soft tissue, which are then 'inverted' to create maps of the underlying viscoelasticity. Viscoelasticity measurements may reflect several different characteristics of underlying neural tissue microstructure including different cell types (Lu et al., 2006) , their density (Freimann et al., 2013; Klein et al., 2014) , degree of myelin content (Schregel et al., 2012; Weickenmeier et al., 2016 Weickenmeier et al., , 2017 , as well as several other factors including inflammation (Riek et al., 2012) and oedema (Bigot et al., 2018; Menal et al., 2018) .
An initial MRE study on AD revealed a 7% decrease in global brain stiffness, comprising both grey and white matter (WM), in biomarker-confirmed AD patients compared with age-matched controls (Murphy et al., 2011) . The decrease in stiffness was unrelated to amyloid accumulation and instead was suggested to reflect several microstructural events that impact normal cytoarchitectural integrity, through, for example, degradation of the extracellular matrix following amyloid deposition, tau hyperphosphorylation, or loss of interconnecting synaptic networks (Murphy et al., 2011) . The same group subsequently reported that the stiffness reduction in AD mainly occurred in the frontal, parietal and temporal lobes, in accordance with the known topography of AD pathology (Murphy et al., 2016) ; this meta-region of interest analysis outperformed all other regions for discriminating between AD patients and healthy control participants.
Softening of the frontal, parietal and temporal region also appears to be specific to dementia of the Alzheimer's type: unique variations among regional brain stiffness were reported between common dementia subtypes that included AD, dementia with Lewy bodies, frontotemporal dementia and normal pressure hydrocephalus (ElSheikh et al., 2017) . These findings are supported by studies using transgenic animal models that have demonstrated that MRE is sensitive to AD pathophysiology, with reduced brain stiffness being found in both APP-PS1 (Murphy et al., 2012) and APP23 (Munder et al., 2018) type mice.
Furthermore, it was recently reported that viscoelasticity of the hippocampus was altered in AD and MRE could improve the diagnostic accuracy of MRI exams (Gerischer et al., 2018) . Notably, MRE has also been used to identify structure-function relationships in healthy participants between hippocampal viscoelasticity and memory Hiscox et al., 2018b) and the viscoelasticity of the orbitofrontal cortex and fluid intelligence (Johnson et al., 2018) , whereas volumetric measures were not reported to correlate with function. These studies highlight how mechanical property measures are sensitive to individual differences in cognition and suggest that MRE may enhance the information obtained from volumetric MRI.
In this current cross-sectional exploratory study, we will utilize structural MRI and high-resolution MRE to study volumetric and viscoelastic properties of the brain in both AD patients and healthy older adults (OA). First, we will perform an analysis of global regions of interest (ROIs) such as the global cerebrum (CE), WM, cortical grey matter (CGM) and subcortical grey matter (SGM) to establish whether our results replicate previous report (Murphy et al., 2011 (Murphy et al., , 2016 Gerischer et al., 2018) . As such, we predict that AD patients will exhibit reduced brain volumes and stiffness compared with OA. Second, we will perform an exploratory, data-driven, voxel-wise analysis to potentially identify specific GM regions that display volumetric and/or viscoelastic alterations in participants with AD. A data-driven analysis is compelled by the collected data, rather than by a specific a priori hypothesis and is used in lieu of an ROI-based approach to potentially reveal alterations in mechanical properties that may not have been previously reported or hypothesized. As AD is recognized as primarily a disease of the cortex, we constrain our voxel-wise analysis to GM (cortical and subcortical) to increase statistical power in this preliminary investigation. Third, we will perform a complementary post hoc ROI analysis in native space of the volume and viscoelasticity of regions identified by the voxel-wise analyses. For MRE measures, we will statistically control for the volume of each ROI to investigate whether MRE results remain the same after accounting for ROI volume size.
Materials and methods

Participants
Demographic information for all participants is presented in Table 1 . Patients with AD (N ¼ 12; 7 F/5M; mean age 77.2) were recruited from sources including the Join Dementia Research (JDR) database (see Acknowledgements section), the memory clinic at the Weston General Hospital, Edinburgh and the Centre for Dementia Prevention, University of Edinburgh. All patients had been diagnosed with AD before entering the study and met the NICE guidelines for probable dementia due to AD. One MRE dataset was excluded (see MRE analysis with non-linear inversion); as a result, the total number of AD participants included in the MRE portion of the analyses was N ¼ 11 (7 F/4M; mean age 76.8). All healthy OA control participants (N ¼ 12; 6 F/6M; mean age 69.4) were recruited from the JDR database and have been studied using identical MRE data acquisition and analysis protocols and reported on previously (Hiscox et al., 2018a, b) . All OA participants had no subjective memory complaints and scored at least 26 out of 30 on the MoCA which suggests normal cognitive functioning (Nasreddine et al., 2005 ; mean ¼ 28.1; range ¼ 26-30). There was no difference between groups due to sex; however, the groups differed in age [t (22) ¼4.5, P < 0.001], with AD participants being significantly older than OA participants, and scores on the MoCA [t (22) ¼7.6, P < 0.001], as expected. All participants were predominantly right-handed as determined by the Edinburgh Handedness Inventory (EHI), except for one left-handed AD patient. Exclusion criteria for both groups included: (i) history or current diagnosis of a psychiatric disorder; (ii) history of major head injury; (iii) no psychoactive medications; and (iv) contraindications for undergoing brain MRI. The study was approved by the National Health Service Lothian Research Ethics Committee (REC) and all study participants gave written, informed consent of their willingness to participate prior to the examination. As all patients were in the mild-tomoderate stages of AD, they were deemed clinically capable of providing their own informed consent but attended the visit with a designated study partner.
Imaging acquisition
Brain imaging data were collected using a Siemens 3T Verio whole-body MRI scanner with a 12-channel head receive only coil (Siemens Healthineers, Erlangen, Germany). The imaging protocol included a high-resolution T 1 -weighted anatomical scan using an MPRAGE pulse sequence (magnetization-prepared rapid gradient echo; TR ¼ 2300 ms; TE ¼ 2.98; flip angle ¼ 9 degrees; voxel size ¼ 1 Â 1 Â 1 mm 3 ), and a fluid-attenuated inversion recovery (FLAIR) scan (TR ¼ 10 000 ms; TE ¼ 97; flip angle ¼ 150 degrees; voxel size ¼ 0.94 Â 0.94 Â 5 mm 3 ). The MRE portion of the experiment involves gently vibrating the head to generate shear waves that propagate through the brain creating tissue displacements of the order of microns. A commercially available pneumatic actuator system was used for this purpose (Resoundant TM , Rochester, MN, USA). Vibrations were generated at 50 Hz frequency (20% amplitude) and delivered to the head through a soft passive pillow driver. The MRE acquisition used a 3D multislab, multishot spiral sequence synchronized to these vibrations to capture high-resolution displacement data (Johnson et al., 2014) . Imaging parameters included: 1800/75 ms repetition/echo times; 240 mm square field-of-view; 150 Â 150 imaging matrix; and sixty 1.6-mm thick contiguous slices. The resulting imaging volume had a 1.6 Â 1.6 Â 1.6 mm 3 voxel size with 96 mm of coverage in the slab direction, which was aligned approximately to the anterior commissure-posterior commissure (AC-PC) line. The resulting tissue deformation was encoded using motionsensitive gradients embedded in the MRE sequence, which was repeated to capture motion along three separate axes, with opposite gradient polarities, and through four phase offsets to observe wave propagation in time. The total MRE acquisition time was approximately 12 min.
MRE analysis with non-linear inversion
Non-linear inversion (NLI) was used to recover maps of complex-valued viscoelastic shear modulus (G* ¼ G 0 þ iG 00 ) that reflect both elastic energy storage and viscous energy attenuation. NLI techniques use finite-element methods to invoke a computational model of the mechanical motion of heterogeneous tissue, and iteratively estimate a set of mechanical property parameters that best reproduces the measured displacements (Van Houten et al., 1999; McGarry et al., 2012) . Displacement data in MRE native space were supplied to NLI which returns property maps across the entire brain as defined by a binary mask. The resolution of the mechanical property and displacement meshes was set to the same resolution as the displacement data (1.6 mm), which is a standardized procedure used in several previous brain MRE studies Johnson et al., 2018) . As with our previous work, we reformulated the complex shear modulus G* to determine the shear stiffness l, and damping ratio, n. Shear stiffness, defined as l ¼ 2jG*j 2 / (G 0 þjG*j), describes the resistance of a material to a harmonic shear stress at the given actuation frequency, and is related to the square of the wave speed in a viscoelastic material with density of 1000 kg/m. Generally, the stiffness parameter is related to the strength of the composition of the tissue network (Sack et al., 2013) , but depending on the type of disease may reflect different biological processes. Damping ratio, n, is a dimensionless quantity describing the relative attenuation level in the material, defined as n¼ G 00 /2G 0 (McGarry and Van Houten, 2008), or the relative viscous-to-elastic behaviour of the tissue, and is often considered to reflect tissue organization at the microscale. The exact neurobiological correlates of the damping ratio, however, are currently less well understood (Johnson et al., 2018) . Finally, we removed voxels containing over 50% cerebrospinal fluid from both MRE parameter maps through the co-registration of cerebrospinal fluid partial intensity images generated through Statistical Parametric Mapping software (SPM12 v7487, University College London, London, UK). One MRE dataset (AD patient) did not pass the octahedral shear strain-based signal to noise ratio threshold for sufficiently high-quality displacement data for stable inversion (>3; McGarry et al., 2011) , and as a result, as mentioned above, the total number of participants included in the MRE portion of these analyses was 23 (12 OA controls; 11 AD patients).
Analysis 1: Global analyses
Initial analyses assessed volumetric and viscoelastic differences in the brain between AD patients and OA participants for the bilateral CE, WM, CGM, and SGM. Volumes were generated from the FreeSurfer software pipeline (v6.0; Fischl et al., 2002) using the default settings, with values used from BrainSegNotVent (i.e. segmentation volume without the ventricles), total cerebral WM volume, total CGM volume and SGM volume. The estimated total intracranial volume (eTIV) was calculated using SPM as Freesurfer eTIV has been discovered to be biased by the size of the total brain volume (Klasson et al., ) ; eTIV was used to normalize each region of interest so as to account for individual differences in head size using an adjustment formula based on the analysis of covariance (ANCOVA) approach (Raz et al., 2005) . Mean cortical thickness measures were also obtained from SPM for each participant. These same ROIs were then used as subject-specific MRE masks. The SGM template was custom-made and contained the nucleus accumbens, amygdala, caudate, hippocampus, pallidum, putamen and thalamus, and the global ROI was a combined WM, CGM and SGM mask. Each mask was then co-registered to the MRE magnitude images using FMRIB's Linear Image Registration Tool (FLIRT) within the FMRIB Software Library (FSL) using the inverse transform of MRE-to-T1 (Jenkinson et al., 2012) . As a result, l and n values for each ROI were obtained in MRE native space for each individual. Example MRE l images are shown in Fig. 1A and B. A one-way univariate general linear model (ANCOVA) was used to examine the effect of AD on each global cerebral ROI as compared with OA. As age has previously been shown to affect the underlying viscoelastic properties of different brain regions (Arani et al., 2015; Hiscox et al., 2018a) , age (in years) was included as a covariate. Separate ANCOVAs were conducted for each ROI and for volume, l and n separately.
Analysis 2: Voxel-wise analyses
An exploratory, data-driven approach using voxel-wise statistics was performed to investigate GM differences in brain tissue volume and mechanical properties between AD and OA participants. Voxel-based morphometry (VBM) and voxel-based MRE (VB-MRE) analyses were conducted by using SPM executed through the computational anatomy toolbox (CAT12) within MATLAB R2019a (MathWorks, Natick, MA, USA). Due to the importance of being explicit about the assumptions underlying key methodological choices made in VBM analyses (Peelle et al., 2012) , the pipeline is thoroughly described in the Supplementary material. In brief, T 1 -weighted images were corrected for WM hypo-intensities by processing the acquired FLAIR images through the lesion growth algorithm (Schmidt et al., 2012) as implemented in the LST toolbox version 2.0.15 (www.statisticalmodel ling.de/lst.html). The corrected T 1 -weighted images were then segmented into GM, WM and cerebrospinal fluid using the six-class default tissue probability map available in SPM. During segmentation, the images were simultaneously subjected to an affine anatomical standardization to the Montreal Neurological Institute (MNI) 152 IX I155 template using 'DARTEL export'. The affine GM and WM non-modulated volumes were then processed through DARTEL, the fast-diffeomorphic image registration algorithm (Ashburner, 2007) to provide a more accurate spatial normalization optimized for the population under study. Through this procedure, flow fields that describe the transformation from each native space image to the resulting study-specific template are generated. For VBM, the resulting flow fields were applied to the affine GM images and modulated to preserve the total amount of signal from each region; areas that expanded during warping are correspondingly reduced in intensity. Images were then smoothed with an 8 mm FMHM Gaussian filter and kept at the default isotropic resolution of 1.5 mm. For VB-MRE, a rigid-body registration was used to estimate the transformation between the MRE magnitude image and the corresponding subject-specific T 1 -weighted image. This rigid-body transformation was applied to the NIFTI orientation matrix only, and then the same flow fields to the DARTEL template were applied. MRE images were not modulated (i.e. set to preserve concentrations) to preserve the intensities of the original images, and a Gaussian filter width of 2 mm was applied as MRE images are naturally smooth due to the solution of the MRE inverse problem. For the VBM analysis only, eTIV was included as a nuisance variable in the ANCOVA model; eTIV is not expected to effect brain viscoelasticity. For both analyses, age and sex were included as covariates centred at the mean, and with no centring, respectively. An explicit GM mask was applied which had been generated from the mean T 1 DARTEL template, segmented, thresholded at 100% and binarized, as shown in Fig. 1C and D. Two-sample t-tests were performed on the spatially normalized MRI volumes and MRE l and n images between OA and AD. We specified the t-contrast (À1, 1; AD < OA) and set the statistical threshold at P < 0.001, uncorrected for multiple comparisons. Only clusters with a minimum of 20 voxels are reported. The anatomical labels of the MNI coordinates were defined using automated anatomical labelling (Tzourio-Mazoyer et al., 2002) , which was implemented with the Wake Forest University (WFU) Pick Atlas software (v3.03) (Maldjian et al., 2003) . Mean normalized maps of OA and AD participants are provided in Fig. 1E and F, respectively.
Analysis 3: Post hoc ROI analyses
By using the regions identified as differing in volume or MRE measures between AD and OA groups (Analysis 2), we performed post hoc ROI analyses. In particular, volumetric parcellations of GM were obtained from FreeSurfer, normalized according to eTIV, and used as dependent variables. For regions identified by the VB-MRE analysis, ROI masks for each subject were extracted from the FreeSurfer Desikan-Killiany parcellation scheme (Desikan et al., 2006) , and converted into masks in MRE native space using FLIRT in FSL (Jenkinson et al., 2012) . After registration, cortical masks were thresholded at 50% and input into the NLI algorithm as a priori spatial information as part of the soft prior regularization (SPR) routine (McGarry et al., 2013) . SPR reduces heterogeneity in an ROI and has been shown to improve sensitivity measures in MRE studies of subcortical GM and has recently been introduced for MRE of cortical structures (Johnson et al., 2018; Schwarb et al., 2019 ). An SPR weighting of a ¼ 10 À10 was chosen to minimize influence from surrounding tissues while still allowing for individual differences in regional properties to be preserved. Results for various regularization weightings (a ¼ 10
) as well as those acquired without SPR are provided in Supplementary Table 1 . We performed a one-way univariate ANCOVA to assess the effect of AD on each ROI. Analyses for volume and for MRE metrics were performed separately and included age as a covariate. A secondary analysis added regional volume as a covariate. All statistical analyses were performed with IBM SPSS Statistics for Mac, version 25.0.0 (IBM Corp., Armonk, NY, USA).
Statistical analyses
Statistical analyses for each performed analysis are described above. In brief, VBM and VB-MRE analyses (Analysis 2) were conducted by using SPM executed The study-specific template in MNI space that was generated through DARTEL, and (D) the grey matter mask used for VBM and VBM-MRE. The normalized mean stiffness maps are provided for OA andAD participants in E and F, respectively. through CAT12. For both the global analysis (Analysis 1) and post hoc ROI analysis (Analysis 3), one-way univariate general linear models (ANCOVA) were used to examine the effect of AD on each ROI as compared with OA using SPSS.
Data availability
The data that support the findings of this study are available from the corresponding author, upon reasonable request.
Results
In Analysis 1, we report the results from the global volumetric and MRE analyses. Analysis 2 contains the exploratory voxel-wise results for both VBM and voxelbased magnetic resonance elastography (VB-MRE), and Analysis 3 uses a post hoc ROI approach to further investigate the results from the voxel-wise investigations.
Analysis 1: Global analyses
The average octahedral shear strain-based signal to noise ratio of brain MRE data was 6.02 6 1.67 and 6.20 6 1.17 for the OA and AD cohorts [t (21) ¼ À0.30, P ¼ 0.77], respectively, indicating high-quality whole-brain displacement data. Descriptive statistics regarding P-values, and effect sizes for MRI volumetry and MRE shear stiffness, l, and MRE damping ratio, n, values for each global ROI [i.e. CE, WM, CGM and SGM], for both AD and OA participants are presented in Table 2 . One-way univariate general linear models (ANCOVAs) were performed to examine the effect of disease on each parameter for each global compartment using age (years) as a covariate; each analysis was performed separately. Both the mean values (M) and mean age-adjusted values (M adj ) are presented.
Volume
There was a statistically significant effect of AD on CE volume (P ¼ 0.001), indicating AD patients had lower CE volumes (M adj ¼ 989 cm 3 ) compared with OA (M adj ¼ 1092 cm 3 ). The AD group had, on average, a 10% reduction in the size of CE. Similar effects for WM, CGM and SGM volumes were found (P ¼ 0.013, P ¼ 0.001 and P ¼ 0.015, respectively). On average, the AD group had deficits of 13%, 9% and 8% for WM, CGM and SGM volumes, respectively. We found no significant difference between groups with regards to mean cortical thickness measurements (P ¼ 0.073).
Shear stiffness
AD had a significant effect on CE l (P ¼ 0.004), indicating AD patients had lower overall brain stiffness (M adj ¼ 2.25 kPa) compared with OA participants (M adj ¼ 2.50 kPa). The AD group had, on average, 11% lower CE l. Similar effects for WM and CGM l were found. Compared with OA participants, AD patients had lower WM l (2.38 kPa vs. 2.61 kPa; P ¼ 0.022) and lower CGM l (2.02 kPa vs. 2.32 kPa; P < 0.001). On average, the AD group had 9% lower WM l and 14% lower CGM l. In contrast, no difference between groups was observed for SGM (P ¼ 0.27). These comparisons are presented in Fig. 2 .
Damping ratio
There was no significant effect of AD on CE n (P ¼ 0.51), indicating no discernible differences in CE n between AD (M adj ¼ 0.262) and OA (M adj ¼ 0.256). Similarly, we found no significant effect of AD on WM n (P ¼ 0.81), CGM n (P ¼ 0.40) or SGM n (P ¼ 0.08), as shown in Fig. 2 .
Analysis 2: VBM and VB-MRE analyses GM volume
Using a data-driven voxel-wise analysis, we found that, compared with OA, the AD group had significantly lower GM volume in the fusiform gyrus (bilaterally), superior temporal gyrus (bilaterally), left middle temporal gyrus, right precuneus and right hippocampus. Peak MNI coordinates, t-scores and cluster sizes are provided in Table 3a . Significant differences in clusters of voxels between groups are illustrated in Fig. 3A .
GM viscoelasticity
Compared with OA, AD participants had significantly lower GM stiffness, l, in the superior temporal gyrus (bilaterally), left middle temporal gyrus, the right frontal operculum/precentral gyrus and the right precuneus. Peak MNI coordinates, t-scores and cluster sizes are presented in Table 3b . Clusters of voxels which represent significant differences in GM viscoelasticity between groups are displayed in Fig. 3B . We additionally performed an MRE voxel-wise analysis on damping ratio, n; consistent with our global analysis, we found no significant clusters between groups and thus n was not considered further. The post hoc ROI analysis results for n are presented in Supplementary Table 2.
Analysis 3: Post hoc ROI analyses
Results from Analysis 2 subsequently informed our choice of ROIs to be used in our post hoc ROI analyses. All ROIs identified by either VBM or VB-MRE were included, thus resulting in the analysis of seven cortical parcellations as well as the hippocampus. One-way ANOVAs were performed separately to assess the effects of AD on both volume and l. A secondary analysis included controlling for regional volumes, as shown in Table 4 .
GM volume
Controlling for participant age, there was a significant effect of AD on the volume of the hippocampus (P ¼ 0.008), fusiform gyrus (P ¼ 0.010), inferior temporal gyrus (P ¼ 0.009), middle temporal gyrus (P ¼ 0.029) and precuneus (P ¼ 0.007). No significant effect of AD was found on the volume of the superior temporal gyrus (P ¼ 0.070), operculum (P ¼ 0.161) or precentral gyrus (P ¼ 0.413).
GM viscoelasticity
A significant effect of AD on shear stiffness, l, was found for the fusiform gyrus (P ¼ 0.005), inferior temporal gyrus (P ¼ 0.005), middle temporal gyrus (P ¼ 0.001), superior temporal gyrus (P ¼ 0.001), operculum (P ¼ 0.009), precentral gyrus (P ¼ 0.028) and precuneus (P ¼ 0.002). In contrast, AD did not significantly affect hippocampal l (P ¼ 0.71). Next, we performed a one-way univariate ANCOVA to correct l results for volume size, with each ROI analysis performed separately. All regions remained significantly affected by AD after additionally controlling for ROI volume size except for fusiform gyrus (P ¼ 0.15) and inferior temporal gyrus (P ¼ 0.06). A summary of the relationships found among ROI, l and volume size are illustrated in the correlation matrix provided in Supplementary Fig. 1 . , shear stiffness, l, in kilopascals (kPa) and damping ratio, n, is dimensionless. M adj values are age-adjusted results 6 standard error. OA ¼ healthy older adult controls; AD ¼ patients with Alzheimer's disease. *** denotes P < 0.001, ** denotes P < 0.01 and * denotes P < 0.05 significance levels.
Discussion
This work builds on previous studies that have analysed the mechanical properties of the brain in vivo in patients with AD. In this study, we have taken advantage of high-resolution MRE methods in combination with an exploratory data-driven approach to reveal new insights into microstructural integrity observed across the cerebral cortex due to AD.
Overall, we report a global reduction in both brain volume and stiffness in patients with AD compared with cognitively healthy OA. Volume reductions in AD were reported for the global brain and for all individual compartments of the whole brain, namely WM, CGM and SGM, whereas no difference was observed between groups for measures of mean cortical thickness. Lower stiffness was also observed for the global brain and WM and was particularly evident for GM of the cerebral cortex. A subsequent exploratory GM voxel-wise analysis revealed that volume reductions were largely localized to the hippocampus and the cortex of the temporal lobe including the fusiform, middle and superior temporal gyri. Similarly, MRE revealed lower stiffness across the middle and superior temporal gyri as well as the operculum and precentral gyrus. Also, both the VBM and VB-MRE analyses revealed reduced volumes and stiffness of the precuneus. However, while similar neuro-anatomical regions were identified in the majority of the results for both analyses, the spatial distribution patterns of the differences between OA and AD were not identical. A post hoc ROI analysis confirmed the voxel-wise results by finding the same reduced volumes and viscoelastic deficits due to AD and that the stiffness of these regions was affected by AD even after controlling for ROI volume size.
These above results complement previous MRE studies of AD which also found that AD patients have a reduction in brain stiffness compared with age-matched healthy controls. The 11% reduction in global brain stiffness that we have observed is consistent with the 7% global stiffness reduction in biomarker-confirmed probable AD reported by Murphy et al. (2011) . Lower brain stiffness possibly reflects a number of microstructural events that characterize AD, including degradation of the extracellular matrix, loss of normal cytoskeletal architecture or altered synaptic connectivity, as suggested by Murphy et al. (2019) , while the use of transgenic animal models have also demonstrated that MRE is sensitive to AD pathophysiology (Murphy et al., 2012; Munder et al., 2018) . Our findings provide additional support for the interpretation that lower brain stiffness identified through MRE is sensitive to the weakening of the brain parenchyma.
Our exploratory, data-driven, voxel-wise approach to the study of the volumetric and viscoelastic properties of the brain in patients with AD has added important information in that both volume and stiffness reductions Figure 3 Voxels that show significant differences between healthy OA controls and patients with AD. Significant clusters are overlaid onto the study-specific T 1 -weighted template illustrating: (A) regions of grey matter that show volume reductions, and (B) regions that are softer (i.e. possess lower shear stiffness, l) in patients with AD compared with OA. Clusters are shown at the uncorrected P < 0.001 level. Images are shown in neurological convention. P < 0.001 at voxel level (peak level), uncorrected for multiple comparisons; x, y, z: peak MNI coordinates; cluster size (in voxels); t-statistic represents voxel showing peak GM difference for either volume or shear stiffness, l, between groups. Note that all clusters show significantly lower volumes and l in AD patients (AD < OA). AD ¼ patients with Alzheimer's disease.
largely occur in the same neuro-anatomical regions, most of which are found across the temporal lobe. This supports the neuropathological profile of typical amnestic AD in which atrophy usually begins in the medial temporal lobes before spreading to lateral and medial parietal and temporal lobes and finally to the lateral frontal cortex, with relative sparing of the occipital lobe and sensory-motor cortex (Risacher and Saykin, 2013) . The VBM results also found lower volumes of the hippocampus, which is traditionally the most studied brain region in AD (Jack et al., 2008) due to its essential role in encoding and consolidating new memories (Aggleton and Brown, 1999; Eichenbaum et al., 2007) . Thus, the reduction in hippocampal volume observed in the present study is consistent with many previous reports (Schuff et al., 2009; Halliday 2017; McRae-McKee et al., 2019) . We also found smaller volumes in AD within the fusiform, middle and superior temporal gyri-regions which correspond with a previously proposed 'temporal meta-ROI' to capture AD-related atrophy (Jack et al., 2015) . Indeed, due to prominent atrophy observed in the middle temporal gyrus, volumetric measures have been suggested for use as an AD biomarker for disease progression assessment (Spenger et al., 2011) . The VB-MRE results presented here complement the VBM findings by also identifying reduced cortical stiffness of the middle and superior temporal gyri. However, the spatial distribution patterns of lower stiffness from the VB-MRE analysis is not identical to the reduced volumes identified from VBM, as can be seen in Fig. 3 . Importantly, our post hoc analysis, performed in MRE native space, confirm the exploratory voxel-wise findings. Our results are consistent with a previous MRE study of AD in which there was a significant reduction in temporal lobe stiffness in patients with AD compared with OA (Murphy et al., 2016) . Our higher-resolution MRE data have now localized this softening to specific regions of cortex within the temporal lobe while simultaneously demonstrating that these effects persist even after controlling for regional volumes. Both VBM and VB-MRE analyses identified that AD patients had significantly greater atrophy and lower stiffness within the precuneus, a portion of the superior Values are adjusted for both age and regional volumes 6 standard error. OA ¼ healthy older adult controls; AD ¼ patients with Alzheimer's disease. Values in bold indicate results that are statistically significant. *** denotes P < 0.001, ** denotes P < 0.01 and * denotes P < 0.05 significance levels.
parietal lobule. The precuneus network is an important connectivity hub in the brain and is part of the classic default-mode network (Leech and Sharp, 2014; Utevsky et al., 2014) and has been reported to be among the most severely affected brain regions in AD (Migliaccio et al., 2015) . Resting-state fMRI studies have shown that medial parietal signal changes occur in the early stages of the disease (Agosta et al., 2012) , while lower GM density in the precuneus has been associated with a younger age of onset (Karas et al., 2007) . The observed softening of the precuneus is likely related to similar microstructural degradation underlying the loss in volume. There has been speculation that cortical amyloid retention is associated with a disrupted resting-state network of the precuneus cortex (Song et al., 2015) , and thus future studies may assess whether cortical softening could be directly related to disruption of these same networks. MRE also revealed additional anatomical regions that differed between OA and AD. For example, a reduction in stiffness in AD was observed within the operculum and the precentral gyrus, both of which are located in the frontal lobe. The operculum, a deep cortical structure which forms part of the inferior frontal gyrus, has been suggested to be involved in integrating exteroceptive and interoceptive signals necessary for interoceptive awareness (Blefari et al., 2017) -a deficit in which may be responsible for the lack of insight which is a frequent symptom of dementia (Tsakiris and Critchley, 2016) . Functional MRI studies have also revealed decreased activation of the operculum in semantic episodic memory word paradigms in MCI participants compared with healthy controls (Jin et al., 2012) . Abnormal connectivity between the precentral gyrus and other brain regions has also been implicated in AD which may be related to language impairments often observed in this population. Furthermore, machine learning findings have suggested that the precentral gyrus is one of several regions affected in AD (Zhang et al., 2015) . Of particular interest is that volumetric differences were not detected between OA and AD in either the operculum or precentral gyrus, and the MRE effect persisted when regional volumes were controlled for. This suggests that MRE may be able to detect microstructural alterations prior to neurodegenerative effects; however, this statement cannot be inferred directly from the cross-sectional data presented here.
Interestingly, we did not find any difference in hippocampal stiffness between OA and AD despite the difference between groups in hippocampal volume. This is inconsistent with a previous study by Gerischer et al., (2018) who reported a $22% reduction in both hippocampal stiffness and volume in AD patients compared with healthy controls (Gerischer et al., 2018) . One potential explanation for this discrepancy may be related to the difference in ages between our two groups, with the OA group being significantly younger than the AD group. Without age correction, we would indeed see a $11% decrease in hippocampal stiffness in AD (P ¼ 0.046), although it is likely that increasing age would account for part of the decreased stiffness reported. What is evident, however, is that highly significant MRE effects are noted for regions of the cortex which have not previously been reported to be affected by AD. In addition, animal models have yet to demonstrate whether hippocampal stiffness changes are due to amyloid deposition or indicative of tau-pathology, neuronal loss or inflammatory processes, and longitudinal studies will be required to track changes to hippocampal stiffness throughout healthy or pathological aging processes.
We also did not find any significant differences in the damping ratio, n, either for the global or voxel-wise analysis. For completeness, we present data for n in Supplementary Table 2 for the same eight regions that were investigated in the post hoc analyses for stiffness. While our data did not reach statistical significance, we found a general trend that hippocampal n was lower in AD (OA: 0.201; AD: 0.177) indicating a more elastic as opposed to viscous material property. These results are consistent with both human (Gerischer et al., 2018) and mouse model (Munder et al., 2018) investigations that had reported a reduction in hippocampal viscosity due to AD. Apparently, somewhat contradictorily, lower n of the hippocampus has also been reported to be associated with better memory performance in healthy participants (Schwarb et al., , 2017 Hiscox et al., 2018b) . The presence of AD neuropathology, however, is likely to affect hippocampal mechanical properties differently than those that govern memory function in healthy participants. For example, a decrease in n in AD may be due to the structural abnormalities that define AD, such as amyloid plaque formation, which are not present in healthy tissue. Further work is needed to examine individuals at different stages of disease progression to elucidate the temporal effects of AD pathology on hippocampal n and their relationship to changes in cognitive functions such as memory.
AD is conceptualized as a progressive consequence of two hallmark pathological changes in GM, namely, extracellular amyloid plaques and neurofibrillary tangles, and perhaps in consequence the present study has focused on elucidating mechanical alterations to the cerebral cortex. However, previous neuroimaging studies have implicated micro-and macrostructural abnormalities in WM in the risk and progression of AD (Nasrabady et al., 2018) ; for example, WM degeneration and demyelination may also be important pathophysiological features of the disease. We reported a significant reduction of 9% in WM stiffness in AD at the global level, which is consistent with findings from Gerischer et al., (2018) who reported a 11% reduction in WM stiffness. Interestingly, evidence suggests that WM stiffness is directly proportional to local myelin content (Weickenmeier et al., 2016) and that myelin not only insulates signal propagation but also provides structural support by playing an important mechanical role. Due to current limitations of our inversion method, which is based on an isotropic material model that assumes no directional dependence of anatomical fibres, we did not analyse the mechanical properties of the WM tracts in the present study. However, preliminary work is underway to incorporate anisotropic material properties within the NLI framework for MRE , which in the future may reveal new insights into the mechanical properties of the WM tracts and its relationship with demyelination processes that occur in AD.
A limitation of the present study is the lack of knowledge regarding the true spatial resolution of the MRE property maps when investigating the mechanical properties of the cerebral cortex. This could raise concern regarding partial volume effects, particularly for the AD group who, although it was not the case in the present study, are expected to have a thinner cortex. Evaluations of our NLI technique using 2 mm isotropic data obtained for phantoms has led to the suggestion that within 3-5 mm of an interface partial voluming may affect the stiffness of neighbouring regions (Solamen et al., 2018) . Nevertheless, the authors suggest that even smaller structures with lower contrast between regions would be visible with higher-resolution acquisition data, such as the 1.6 mm isotropic data that we present in this study. Furthermore, we use a priori spatial information to improve the mechanical property estimates in small cortical structures . Based on our analysis of the effect of SPR parameters on MRE estimates (Supplementary Table 1) , we find that our results remain the same despite the fact that the stiffness estimates in different regions respond more or less sensitively to regularization weightings. Regional size, geometry, mechanical interfaces and local signal to noise ratio are all likely to influence the effect of interaction of specific SPR weighting on final MRE estimates, so a direct correlation between regularization parameters and final property estimate would not be expected. Nevertheless, we cannot guarantee that higher-resolution displacement data or the use of SPR definitively overcome the effects of small structure volume on MRE property estimates, and thus, we additionally control for structure volume in statistical tests between groups. We acknowledge that using volume as a control variable is only a first-order approximation of the partial volume effects on stiffness and it is unknown if the mapping is linear, though the fact that the statistical trends remain largely unchanged provides support that the MRE measures are reliable.
There are several other limitations to this preliminary exploratory investigation. First, AD patients did not have biomarker-confirmed AD. A recent research framework has focused on AD diagnosis in living persons based on amyloid deposition, pathologic tau and neurodegeneration [AT(N)] such that diagnosis is not simply based on the clinical consequences of the disease (Jack et al., 2018) . In future, MRE could be applied with participants selected according to ATN criteria. Second, data regarding disease duration were not available, which may be important as this is likely to modulate the distribution of cortical involvement (Karas et al., 2007) . Third, we acknowledge the small sample sizes for both the AD and OA groups which limit statistical power. However, despite the small sample, we have replicated previous findings that describe a reduction in global brain stiffness in AD patients and report large effect sizes for specific regions of the cortex that may be investigated in future studies with larger sample sizes. Finally, there remains ambiguity about the neurobiological basis of the MRE signal with several different biological mechanisms having been linked to alterations in brain viscoelastic properties. More detailed comparisons between MRE, histology, microscopy and other imaging techniques will be needed to disentangle the relationship between mechanical properties and neurobiology, which is likely to change during the temporal progression of AD.
Conclusions
To the best of our knowledge, we have performed the first exploratory voxel-wise investigation to identify both volumetric and viscoelastic alterations across the cerebral cortex due to AD. We report GM volume deficits and reduced stiffness across the cortex of the temporal and parietal lobes among AD participants. Lower stiffness in AD was also identified within regions of the frontal lobe; regions that did not, however, show smaller volumes when compared with OA. A post hoc region of interest approach confirmed the findings from the voxel-wise analyses and suggest MRE may provide uniquely high sensitivity to AD neuropathology. Future studies in which MRE is applied in biomarker-confirmed, high-risk populations in the prodromal stages of AD are likely to be highly informative.
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